Abstract

24
The population dynamics of human-to-mosquito malaria transmission in the field has 25 important implications for the genetics, epidemiology and control of malaria. The number of oocysts 26 in oocysts positive mosquitoes developing from a single, naturally acquired infectious blood meal 27 (herein referred to as parasite exposure) greatly influence the effectiveness of transmission blocking 28 interventions but still remains poorly documented. During a year-long analysis of malaria parasite 29 transmission in Burkina Faso we caught and dissected wild malaria vectors to assess Plasmodium 30 oocysts prevalence and load (the number of oocysts counted in mosquitoes with detectable oocysts) 31 and the prevalence of salivary gland sporozoites. This was compared to malaria endemicity in the 32 human population assessed in cross-sectional surveys. Data was analyzed using a novel transmission 33 mathematical model to estimate the per-bite transmission probability and the average parasite 34 exposure of mosquitoes for each location. Observed oocysts load and estimated parasite exposure in 35 naturally infected mosquitoes is substantially higher than previous estimates (ranging from 3.2 to 24.5
Introduction 43
In the effort to control malaria, understanding the processes governing transmission of wild 44 parasites between vectors and vertebrate hosts is paramount. Quantitative information on the 45 number of parasites in wild mosquito populations is lacking and very few studies have investigated 46 either the infectivity of the human parasite reservoir to wild mosquitoes (1-6) or malaria parasites in naturally infected wild mosquitos(7-11).
48
Oocyst intensity describes the average number of visible oocysts in all mosquitoes fed on the 49 same blood-source(12). This quantity is easy to measure in experimental infections (where lab-reared 50 mosquitoes can be given a single blood meal and maintained in the insectary) though it is difficult to 51 quantify in the wild. This is because the number of detectable oocysts in wild caught mosquitoes may 52 have been acquired over multiple blood meals and be at various stages of development. For example, 53 wild mosquitoes might feed multiple times before oocysts developing from gametocytes ingested 54 during the first blood meal become observable. Here we define the term oocyst load to be the average 55 number of oocysts in wild caught mosquitoes with detectable oocysts (by microscopy), and parasite 56 exposure to be the average number of oocysts acquired during a single infectious blood meal that 57 leads to oocyst development. Oocyst intensity, load and exposure are related to one another but only 58 oocyst load is directly measurable in wild caught mosquitoes as the sources of previous blood meals 59 are unknown.
60
Understanding the effectiveness of current and novel drugs and vaccines which targets malaria and 61 how best they should be evaluated and deployed in the field depends on a better understanding of 62 human populations infectivity (13) (14) (15) mosquito transmission probability (the probability that a mosquito becomes infected following a 208 blood meal on a parasite carrier) was also estimated but could not be explained by the prevalence or 209 density of either all blood stages parasites or gametocytes alone (as determined by microcopy).
210 Cameroon
211
Mosquito data was collected in two villages in Cameroon (Mbelengui and Ekali) during the rainy 212 season (May-July), and mosquitoes were maintained for 7 days in the laboratory before dissection.
213
Prevalence and abundance of Anopheles mosquitoes in Cameroonian houses were significantly lower 214 than in Burkina Faso during the peak of the rainy season (p-values<0.0001), and significantly higher in 215 Mbelengui than in Ekali (prevalence: 41% (35-47%) vs. 22% (18-26%) p-value<0.001, abundance: 3.2%
216
(2.6-3.8%) vs. 1.8% (1.4-2.2) mosquitoes per infested house p-value<0.001; Figure 5 .a). A. gambiae 217 was the most prominent species (84% (81-88%)), and contrary to Burkina Faso Anopheles funestus 218 was also frequently observed in Cameroon (8% (6-11%) of all Anopheles, see supporting though estimates at all time points were substantially greater than was previously assumed, even in 237 high infection areas (9, 26, 27) . This result was driven by the high oocyst load observed in wild caught 238 mosquitoes dissected 3 and 7 days post collection. In Burkina Faso there were on average over 10 239 oocysts per mosquito during the rainy season seven days after collection, which is substantially more 240 than previous work reported (less than 5 oocysts/infected wild mosquito (24)). Estimates of sporozoite 241 rates at day 0 (predicted using the mathematical model) were high, though were similar to another 242 recent study from Burkina Faso (28) 
268
In Burkina Faso and in Cameroon parasite exposure was shown to be higher than is usually 269 assumed. The percentage of mosquitoes with visible oocyst is likely to be higher in mosquitoes caught 270 and kept in the laboratory before dissection compared to being dissected on the day of collection as 271 mortality in the laboratory is probably lower than in the wild. Nevertheless, a previous study in
272
Tanzania reported that only 9% of naturally infected wild mosquitoes had over 5 oocysts per mosquito 273 when dissected on day 6 after collection(9) whereas in the present study, in Burkina, overall 65% had 274 1-5 oocysts, 35% had over 5 oocysts, 21% over 10 and 2% over 100 oocysts. Over-dispersion in oocyst 275 distribution has been documented before but this is the first time a substantial proportion of 276 mosquitoes with very high oocyst numbers has been found in nature (7, 9, 10, 36) . The occurrence of 277 wild mosquitoes with over 100 broken oocysts indicates that it is likely these highly infected 278 mosquitoes can survive long enough in the wild for the oocysts to release infectious sporozoites, and 279 that even if some oocysts may fail to rupture(37,38), most do in this context. If these highly infected 280 mosquitoes have in turn a higher sporozoite count they would be particularly infectious, as more 281 sporozoites in salivary glands may translate into a higher probability of infection(39). However, whether sporozoite production per oocyst is maintained or decreases with oocyst load remains 283 unclear (34, 40) , so it is difficult to predict whether these highly infected mosquitoes will constitute a 284 major component of transmission and a challenge for malaria elimination.
285
The consequences of high parasite exposure could be far-reaching for our understanding of 286 malaria and how transmission-reducing interventions are assessed. Results of standard and direct 287 membrane feeding assays (SMFA and DMFA, respectively) are often challenged because the parasite 288 exposure generated is seen as artificially high compared to natural parasite exposure(24). However, 289 the parasite exposure we observed in high transmission area falls into a similar range as recent SMFA 290 studies (18, 41, 42 The data collected was first analyzed using generalized linear mixed-effect models.
377
Prevalence data (for mosquitoes in houses, blood stage and mosquito stage parasites) was analyzed 378 using a binomial distribution, while intensity data (number of mosquitoes, blood stage parasite or 379 oocysts in prevalence-positive agents) was analyzed using a zero-truncated Poisson distribution (for 380 mosquitoes abundance in houses) or a zero-truncated negative binomial distribution (for blood and 381 mosquito-stage parasites) with R package glmmADMB(47).
382
We developed a compartmental differential equation model to track mean oocyst load in the 383 mosquito population and the proportion of susceptible, infected and infectious mosquitoes 384 (programmed in Berkley Madonna). The model also follows oocyst prevalence and load and sporozoite 385 prevalence in mosquitoes removed from the transmission cycle and reared for 3 to 7 days in the 386 laboratory, to match the data collected in the field. The proportion of oocysts developed after 387 infection is set to follow a curve depending on parasite exposure and assessed in a supplementary 388 experiment described in supporting information 2. The model framework and equations are detailed 389 in supporting information 3. maximized the log likelihood of the observed data (D3 and D7 
